In the metabolically versatile bacterium Pseudomonas aeruginosa, the RNA-binding protein Crc is involved in catabolite repression of a range of degradative genes, such as amiE (encoding aliphatic amidase). We found that a CA-rich sequence (termed CA motif) in the amiE translation initiation region was important for Crc binding. The small RNA CrcZ (407 nt) containing 5 CA motifs was able to bind the Crc protein with high affinity and to remove it from amiE mRNA in vitro. Overexpression of crcZ relieved catabolite repression in vivo, whereas a crcZ mutation pleiotropically prevented the utilization of several carbon sources. The sigma factor RpoN and the CbrA/CbrB two-component system, which is known to maintain a healthy carbon-nitrogen balance, were necessary for crcZ expression. During growth on succinate, a preferred carbon source, CrcZ expression was low, resulting in catabolite repression of amiE and other genes under Crc control. By contrast, during growth on mannitol, a poor carbon source, elevated CrcZ levels correlated with relief of catabolite repression. During growth on glucose, an intermediate carbon source, CrcZ levels and amiE expression were intermediate between those observed in succinate and mannitol media. Thus, the CbrA-CbrB-CrcZ-Crc system allows the bacterium to adapt differentially to various carbon sources. This cascade also regulated the expression of the xylS (benR) gene, which encodes a transcriptional regulator involved in benzoate degradation, in an analogous way, confirming this cascade's global role.
M
icroorganisms living in nutrient-rich environments choose energetically favorable, balanced diets. A paradigm of how bacteria select preferred nutrients was established by Monod (1) . He observed that Escherichia coli and Bacillus subtilis, when given two different carbon sources at the same time, in some cases degrade the substrate allowing faster growth (such as glucose) first, resulting in biphasic (''diauxic'') growth. Two mechanisms essentially establish diauxie in these bacteria: inducer exclusion and catabolite repression. Inducer exclusion signifies that the uptake of the less-preferred substrate is inhibited by the preferred substrate. Catabolite repression is a mechanism preventing transcriptional expression of genes required for the degradation of the less-preferred substrate in the presence of the preferred substrate. In E. coli, growth on lesspreferred substrates correlates with high levels cAMP, which is needed to activate the cAMP receptor protein, a positive transcriptional regulator of pathways used for the degradation of less-favorable sugars, such as lactose or arabinose (2, 3) .
In the metabolically versatile bacterium Pseudomonas aeruginosa an initial observation of catabolite repression was made by Liu (4) , who found that the addition of succinate or citrate blocked glucose degradation. Subsequent studies showed that, in this bacterium and other fluorescent pseudomonads, intermediates of the tricarboxylic acid cycle generally cause catabolite repression of degradative pathways for sugars, amino acids, and other carbon sources (5) (6) (7) . A crc mutant of P. aeruginosa is pleiotropically defective for catabolite repression of several catabolic pathways by carboxylic acids (8, 9) . Similarly, a crc mutant of Pseudomonas putida has lost catabolite repression of alkane and benzoate degradation (10, 11) . Neither cAMP nor transcriptional control of degradative pathways via a cAMPbinding protein seem to be responsible for catabolite repression in fluorescent pseudomonads (12, 13) . Rather, the Crc protein binds RNA and acts as a translational repressor. Its recognition specificity, however, has not been determined (10, 11, 14, 15) .
In secondary metabolism of fluorescent pseudomonads and other ␥-proteobacteria, RNA-binding proteins termed RsmA or CsrA function as translational repressors by binding to target mRNAs at or near the ribosome binding sites. Repression is relieved when small RNAs (sRNAs) having high affinity for RsmA sequester these proteins. The conserved two-component system GacS/GacA drives the expression of these titrating sRNAs in response to secreted chemical signals (16) (17) (18) (19) . We hypothesized that a similar mechanism might operate in catabolite repression of P. aeruginosa. We have identified an sRNA termed CrcZ that sequesters the Crc protein with high affinity, and we find that CrcZ is expressed under the control of a carbon source-sensitive two-component system, CbrA/CbrB. This regulatory system ensures carbon-nitrogen balance in P. aeruginosa (20, 21) and in Pseudomonas fluorescens (22) . The CbrB response regulator has a predicted 54 activation domain and belongs to the NtrC family of transcription factors (20) . As a Crc target we have used the amiE gene, which encodes aliphatic amidase and is subject to Crc-mediated catabolite repression; inducer exclusion has previously been ruled out as a mechanism in this regulation (5, 6) . Remarkably, the CbrA/CbrB system gradually adjusts CrcZ levels in response to different carbon sources. The resulting variable CrcZ/Crc ratios allow the bacterium to establish a gradual rather than a diauxic mode of catabolite repression operating at a posttranscriptional level.
Results
Expression of the amiE Gene Is Repressed by Crc at a Posttranscriptional Level. In the model system chosen, the amiEBCRS operon of P. aeruginosa, the amiE gene is preceded by the 100-bp untranslated leader amiL (Fig. 1) . When the AmiR antiterminator protein binds to the -independent terminator located at the 3Ј end of amiL, this causes read-through transcription and expression of the ami operon. In the absence of inducing aliphatic amides, the AmiC regulatory protein sequesters AmiR, resulting in transcription termination. Inducing amides bind to AmiC and thereby prevent the formation of the AmiC-AmiR complex, allowing AmiR to act as an antiterminator and to allow transcription of the ami operon (23) . In the following experiments we routinely included the inducer lactamide in the culture (Fig. 2A) . We constructed a transcriptional lacZ fusion to the ami promoter; ␤-galactosidase expression from this construct (pME9656; Fig. 1) was not influenced by a crc deletion mutation (in strain PAO6673) and was not affected by the carbon source (Fig. 2B ). This result indicates that the ami promoter functions constitutively. By contrast, the expression of a translational amiEЈ-ЈlacZ fusion (pME9655; Fig. 1 ) depended on the carbon source (Fig. 2C ). In the crc mutant growing with succinate or glucose, amiEЈ-ЈlacZ expression was significantly derepressed, by comparison with the wild type (Fig. 2C ). This finding establishes that Crc-mediated catabolite repression of amiE involves a posttranscriptional mechanism. When cells were cultivated in mannitol minimal medium, the crc mutation had no influence on the constitutively high expression of the amiEЈ-ЈlacZ fusion (Fig. 2C) , confirming that mannitol does not exert catabolite repression.
We verified that the crc mutation could be complemented in trans [supporting information (SI) Fig. S1 ]; for complementation we used the wild-type crc gene fused at its 3Ј end to a His 6 tag and expressed under the control of the tac promoter. This experiment also shows that the tag does not interfere with the biological function of Crc.
The CA Motif, a Hallmark of Regulation by Crc. Not all catabolite repression phenomena disappear when the crc gene is mutated in fluorescent pseudomonads. However, an involvement of Crc in catabolite repression has been documented for approximately 10 Pseudomonas genes encoding catabolic regulators or enzymes (6, 7, 11, 24) . We hypothesized that these genes might have common Crc recognition sequences at or near the ribosome binding sites. An alignment of five well-characterized, Crccontrolled genes including amiE of P. aeruginosa and benR of P. putida revealed a common AACAACAA motif (Fig. S2) , to which we will refer as the CA motif (acronym for catabolite activity) hereafter. In amiE, this motif is fully conserved and overlaps the Shine-Dalgarno sequence (Fig. 1) . We replaced the CA motif in the translational amiEЈ-ЈlacZ fusion by random nucleotides (Fig. 1) . In the wild-type PAO1 growing in succinate or glucose minimal medium, this mutant construct (pME9657) gave derepressed expression, by comparison with the parental amiEЈ-ЈlacZ fusion (pME9655). The level of derepression was similar to that found for the crc mutant PAO6673 carrying pME9655 (Fig. 2D ). This result indicates that the CA motif is important for catabolite repression. However, some Crcdependent regulation persisted in the mutant construct (Fig.  2D ), and this observation will be discussed later.
Carbon Source Does Not Seem to Influence crc Expression. Crc levels vary in P. putida, depending mainly on the growth phase (25) . Thus, catabolite repression could be brought about by higher Crc amounts under repressing conditions (e.g., in succinate or glucose minimal medium) than under nonrepressing conditions (e.g., in mannitol medium). However, we found that in P. aeruginosa the expression of a translational crcЈ-ЈlacZ fusion was similar in all three media during exponential growth (Fig. S3 ). . ␤-Galactosidase activity of the mutated amiEЈ-ЈlacZ fusion was measured in the wild-type PAO1/pME9657 (white bar) and compared with that of the parental amiEЈ-ЈlacZ fusion in PAO1/pME9655 (dotted bar) and in PAO6673/pME9655 (hatched bar), after growth in succinate minimal medium to an OD 600 Ϸ 1.5.
Therefore, we postulated that the activity, rather than the amount of Crc, would be relevant for catabolite repression of amiE under our experimental conditions.
Discovery of CrcZ, an sRNA Having Multiple CA Motifs. We hypothesized that the activity of Crc as a translational repressor could be countered by one or perhaps several sRNAs having high affinity for this protein, by analogy with RsmA (CsrA), whose regulatory activity is antagonized by a family of sRNAs in ␥-proteobacteria (19) . We therefore searched for intergenic regions of P. aeruginosa that contained one or several CA motifs and were large enough to specify an sRNA. In the 900-bp intergenic region located between the cbrB and pcnB genes, five CA motifs are present, three of which are concentrated in the 5Ј region (Fig. 3) . Previously Livny et al. (26) reported an sRNA, termed P30, to be transcribed from this region. However, the published orientation of P30 would result in an sRNA having antisense CA motifs. We therefore reinvestigated the location and orientation of this sRNA gene using both double-and single-stranded probes (Fig. 4 A and B, lanes 1 ). This analysis revealed a major transcript of Ϸ407 nt named CrcZ, which is transcribed in inverse orientation to that reported for P30. A 160-bp deletion of the promoter region and the 5Ј part of the crcZ gene (in strain PAO6679) completely abolished the expression of this sRNA ( Fig. 4 A and B, lanes 3) . The crcZ transcription start site can be predicted accurately from the fact that a well-conserved 54 (RpoN) recognition sequence occurs upstream of the CA motifs ( Fig. 3) and that crcZ expression depends entirely on the alternative sigma factor 54 (pertinent data will be shown below). A crcZinternal deletion of 193 bp (in PAO6677; Fig. 3 ) resulted in the expected shortening of the major transcript to Ϸ210 nt (Fig. 4 A and  B, lanes 2) . The crcZ gene also produced several transcripts that were smaller than 407 nt (Fig. 4 A and B) , owing either to premature transcription termination or to degradation of the full-length transcript, whose sequence and proposed secondary structure are shown in Fig. S4 . Interestingly, all five CA motifs occur in unpaired regions of CrcZ.
Carbon Source Regulates crcZ Expression. Because Crc-mediated catabolite repression is most manifest in succinate medium, weaker in glucose medium, and absent from mannitol medium ( Fig. 2 A and C) , the concentration of CrcZ is expected to go in the opposite direction. This was found to be the case (Fig. 5A) and was confirmed by a transcriptional crcZ-lacZ fusion, which was expressed at a low level in succinate medium, at an intermediate level in glucose medium, and at a high level in mannitol medium (Fig. 5B) . These data indicate that, under the growth conditions chosen, it is the concentration of the CrcZ sRNA that varies and not that of the Crc protein.
A crcZ Mutant Shows Repressed amiE Levels and Has Pleiotropic
Defects. The crcZ mutant PAO6679 expressed the amiEЈ-ЈlacZ fusion at a very low basal level throughout growth in succinate medium and did not grow on acetamide as the only C source (Fig.  S5 A and B) . Complementation of this mutant by the crcZ ϩ plasmid pME9669 restored amiE expression roughly to the wild-type level and enabled growth on acetamide. In the wild type, the crcZ ϩ plasmid caused amiEЈ-ЈlacZ overexpression ( Fig.  S5 A and B) . These results are in agreement with the model -independent terminators are indicated by stem-loop structures. The deletions of the putative P30 sequence (in strain PAO6677) and of the crcZ promoter region (in PAO6679) are indicated by underlining the nucleotide sequence. The nucleotide sequence of crcZ is shown in boldface, and its 54 -promoter (-12 and -24 boxes) is shown in boldface and boxed. The five CA motifs are boxed. A possible -independent terminator of P30 is indicated by convergent arrows placed above the sequence. The 3Ј end of the in vitro transcribed CrcZЈ-RNA used for the band shift experiment (Fig. 6 and Fig. S6 ) is indicated by an asterisk. according to which the CrcZ sRNA is an antagonist of the Crc protein and thereby relieves catabolite repression. In addition to its inability to use acetamide, the crcZ mutant was pleiotropically defective in the utilization of a number of C and N sources, as revealed by a qualitative test in the Biolog system. The phenotypes of the crcZ mutant resembled those of a cbrB mutant (Table S1 ), suggesting that the CrcZ sRNA mediates a substantial part of the output of the CbrA/CbrB two-component system. The phenotypes observed for the cbrB mutant confirm the results of previous studies conducted in P. aeruginosa and P. fluorescens (20, 22) .
Competitive Binding of Crc to amiE mRNA and CrcZ sRNA. In the Gac/Rsm signal transduction pathway of fluorescent pseudomonads, the relative concentrations and affinities of three elements-the RNA-binding protein RsmA, the antagonistic sRNAs, and the target mRNA-determine to which extent secondary metabolism is switched on (19) . Following up the idea that Crc-dependent catabolite repression could be based on a similar principle, we first established that the Crc protein binds to amiE mRNA at a site including the CA motif. A 5Ј-labeled 154-nt amiEЈ run-off transcript was seen to form two complexes with Crc protein in a gel shift experiment, whereas an amiEЈ transcript with a randomly substituted CA motif gave only one complex (Fig. S6A) . This result demonstrates the importance of the CA motif for Crc binding and also suggests that a second Crc binding site exists in the amiE translation initiation region, explaining why amiEЈ-ЈlacZ expression was only partially derepressed in the ⌬CA motif mutant (Fig. 2D) . We did not explore the nature of the second binding site; we suspect that it might involve the A-rich sequence preceding the CA motif (Fig. 1) .
Crc protein also effectively bound to CrcZ sRNA. In this experiment we used a 151-nt CrcZЈ transcript that lacked the 3Ј-terminal part, but still contained the three proximal CA motifs (Fig. 3) . Crc formed at least two complexes with CrcZЈ (Fig. S6B) . More work will be needed to establish the Crc:CrcZЈ stoichiometry. When Crc was incubated with amiEЈ mRNA, CrcZЈ titrated the protein away from the target mRNA. By contrast, the unrelated sRNA RsmZ (27) had no effect (Fig. 6) . These in vitro results establish the mode of action of Crc: this protein interacts with a sequence encompassing the CA motif, which is located near the Shine-Dalgarno sequence of amiE, and CrcZ sRNA competitively inhibits this interaction.
The CbrA/CbrB Two-Component System and RpoN Positively Regulate crcZ Expression. The crcZ gene lies downstream of the genes encoding the CbrA/CbrB two-component system in P. aeruginosa (Fig. 3) . This gene arrangement is conserved in fluorescent pseudomonads and related ␥-proteobacteria, such as Saccharophagus degradans (28) . The CbrB response regulator therefore seemed to be a likely candidate for transcriptional activation of the crcZ gene. We monitored the expression of a transcriptional crcZ-lacZ fusion, which was inserted as a single copy into the chromosome of the wild-type PAO1, the cbrB mutant PAO6711, and the rpoN mutant PAO6358. In both mutants, expression was virtually abolished, whereas the wild type gave high expression when growing in L broth (Fig. S7) . In succinate minimal medium, the rpoN mutant did not grow, because it is auxotrophic for glutamine (29) . However, under these conditions crcZ expression was also very strongly downregulated in the cbrB mutant, by comparison with the wild type. These results put the CbrA/CbrB two-component system upstream of the CrcZ/Crc regulatory system and lead to the establishment of the novel signal transduction pathway shown in Fig. 7 .
Global Function of the Cbr/Crc Signal Transduction Pathway. The CA motif was deduced initially from a sequence comparison of Crc-regulated genes of P. aeruginosa (Fig. S2) . In P. putida, benR is an example of a Crc-regulated gene (11) . The homologue of P. putida benR is dubbed xylS in P. aeruginosa (http:// www.pseudomonas.com). The 5Ј xylS leader contains a conserved CA motif (Fig. S2) . To show that xylS is regulated by the Cbr/Crc cascade in P. aeruginosa, we constructed a translational xylSЈ-ЈlacZ fusion (in pME9671) and measured its ␤-galactosidase activity in strain PAO1 and in PAO1 mutants deleted for cbrB, crcZ, or crc. Cells were grown to OD 600 Ϸ 1. This result confirms that the Cbr/Crc system regulates the expression of the xylS and amiE genes similarly and suggests a global regulatory role of this system in catabolite repression of Pseudomonas spp.
Discussion
This work shows that catabolite repression exerted by the Crc protein in P. aeruginosa is regulated via the antagonistic sRNA CrcZ, whose expression is controlled in turn by the CbrA/CbrB two-component system and RpoN. Depending on the C source, expression of both crcZ and a target mRNA (amiE) varied significantly. Expression was low in the presence of the preferred C source succinate, intermediate with glucose, and high in the presence of the less-favorable substrate mannitol. These findings lead to a model of catabolite repression in which Crc protein and CrcZ sRNA play a central role. Recent work in P. putida has established that Crc is an RNA-binding protein (10, 11) , and in the present study we have not only confirmed this property but have also shown that a CA-rich sequence is involved in Crc binding. The organization of the Cbr/Crc signal transduction pathway (Fig. 7) , which regulates primary metabolism in Pseudomonas spp., has striking similarity with the organization of the Gac/Rsm pathway, which regulates secondary metabolism in many ␥-proteobacteria (19) : the output of a two-component system regulates the expression of one or several sRNAs, which prevent RNA-binding proteins from repressing the translational expression of target mRNAs.
We suspect that the model shown in Fig. 7 represents just the backbone of a regulatory pathway and that future research might reveal additional control elements and control circuits. There is circumstantial evidence for this. For instance, a crcZ null mutation affects some catabolic pathways that have been reported not to be under Crc control (e.g., the histidine utilization pathway) (Table S1 ) (6) . Furthermore and importantly, a crc null mutant showed residual catabolite repression control of amiEЈ-ЈlacZ in succinate and glucose media (Fig.  2C ). This finding may explain why in the wild type the amplitude of catabolite repression as measured by amidase expression is larger than the 2.5-fold variation of CrcZ levels (Fig. 5) . Thus, CrcZ and Crc might not be the only cataboliteresponsive elements in amidase regulation, and the existence of a second Crc-like protein is not excluded. The crc gene has sequence homology with a family of nucleases, in particular with the xthA gene encoding exonuclease III in E. coli (9) . However, Crc does not bind DNA and does not exhibit DNase activity in P. aeruginosa (6) . Genes with similarity to crc of pseudomonads and xthA of enteric bacteria can be found in a large variety of bacteria. At present, there is no information on functionally important amino acid residues of Crc, and therefore it is technically difficult to predict the function of crc-and xthA-like genes in bacteria.
The size and orientation of the crcZ gene deserve some comment. In a previous study (26) , the intergenic region between cbrB and pcnB (encoding polyA polymerase) was found to contain an sRNA gene termed P30 whose orientation was given as opposite to that of crcZ. The reason for this discrepancy is not known. However, an intrinsic annotation difficulty lies in the fact that the crcZ gene does not have a typical -independent terminator. It is possible that termination of crcZ transcription might depend on factor. Considering the size of CrcZ, this sRNA might well have regulatory functions in addition to those required for Crc binding. For instance, CrcZ might undergo base-pairing interactions with some mRNAs.
The significance of this work extends beyond the pseudomonads. For instance, we found evidence for a crcZ homologue in the marine ␥-proteobacterium S. degradans. This versatile microorganism has a multitude of cellulases, glucanases, and other carbohydrate-degrading enzymes and has biotechnological potential in the context of biofuel production from plant polymers (30) . A major advantage of the posttranscriptional regulatory mechanism relying on the CrcZ/Crc ratio lies in the fact that the expression of catabolic genes can be adjusted gradually in response to different carbon sources.
Materials and Methods
Bacterial Strains, Plasmids, and Culture Conditions. Construction of plasmids, mutants, and oligonucleotides used (Table S2 ) are described in SI Materials and Methods. Growth and ␤-galactosidase experiments were performed in a minimal medium (BSM) containing 30.8 mM K2HPO4, 19.3 mM KH2PO4, 15 mM (NH4)2SO4, 1 mM MgCl2, and 2 M FeSO4 supplemented with either 40 mM succinate, 40 mM glucose, 40 mM mannitol, or 40 mM acetamide; 40 mM lactamide was always added to induce amiE transcription. Unless indicated otherwise, cells were grown to OD600 Ϸ 1.5 (corresponding to approximately 1.5 ϫ 10 9 cells per milliliter. When required, antibiotics were added to media at the following concentrations: 100 g⅐mL Ϫ1 ampicillin, 25 g⅐mL Ϫ1 tetracycline, and 25 g⅐mL Ϫ1 kanamycin for Escherichia coli and 50 g⅐mL Ϫ1 gentamicin, 100 g⅐mL Ϫ1 tetracycline, and 250 g⅐mL Ϫ1 carbenicillin for P. aeruginosa.
␤-Galactosidase Assays. These were performed as previously described (31) with 20-mL cultures of P. aeruginosa strains grown in BSM medium supplemented with different carbon sources. Data are mean values of three independent samples Ϯ SD.
RNA Techniques and Purification of Crc Protein. Standard methods were used; they are detailed in SI Materials and Methods.
Note Added in Proof. Moreno et al. (34) recently found that the Crc protein binds to a short, unpaired A-rich RNA sequence with a consensus AA(C/U)AA(C/U)AA in P. putida.
